A three-dimensional central composite design was used to study the effect of glycerol level, freeze rate, and thaw rate on acrosomal retention and percent motility. Glycerol levels examined were: 1, 4, 7, 10 and 13%. Average freeze rates between -10 and -80 C examined were: 6.5, 13.1, 26.3, 52.5 and 105.0 C/minute. Thaw rates studied were achieved by plunging straws into water at 5 C for 2 rain, 20 C for 1 min, 35 C for 30 sec, 50 C for 15 sec and 65 C for 7.5 seconds. Percent motility and percent intact acrosomes for one ejaculate from each of 12 bulls were recorded post-thaw at 0, 3, 6 and 9 hr of a 37 C-incubation.
INTRODUCTION
The change in geometry of the frozen semen storage unit, introduced with the straw, has resulted in necessary adjustments in semen processing and handling procedures. Semen in the straw possesses a greater surface-to-volume ratio than that in the ampule. Therefore, semen in the straw is more responsive to thermal change. This also means that conditions which were considered optimum for spermatozoal preservation in the ampule may not be optimal for the straw. Three factors which should be influenced most by a shift in storage unit geometry are the optimums for freeze rate, thaw rate and level of glycerol (cryoprotective agent). Since it is quite likely that these factors interact with one another, the present study was designed to determine simultaneously the influence of freeze rate, thaw rate and level of glycerol on spermatozoan injury and to establish the optimum combination of these variables for preserving bovine semen.
With normal aging or injury of bovine spermatozoa, the acrosomal cap undergoes a distinct sequence of alterations (Saacke and Marshall, 1968) . The rate of alteration is dependent upon bulls, ejaculates and semen handling procedures (Saacke, 1970; Saacke and White, 1972) and has a good correlation with field fertility. Thus, both acrosomal maintenance and motility were used in the present study to evaluate freeze-thaw spermatozoal injury.
Twelve ejaculates a from 12 different bulls were used. Ejaculates had the following minimum characteristics: volume of 5.0 ml, sperm concentration of 1.0 • 109 cells/ml, and an initial motility estimate of 50%. Initial motility estimates were made at 100x using a phase contrast microscope. Spermatozoal concentrations were determined using a photoelectric colorimeter.
Egg yolk-citrate-glycerol was used as the semen diluent. The buffer portion contained 2.9 g of sodium citrate dihydrate made up to 100 ml with double-distilled water. The buffer and flesh egg yolk were combined to obtain an 80% buffer: 20% egg yolk mixture by volume. This basic diluter was divided into two fractions (A and B). The 'A' fraction consisted of the basic egg yolk-citrate diluter. Antibiotics and &-amylase were added at the rate of 1,000 gig of dihydrostreptomycin sulfate, 1,000 units of potassium penicillin G, and .01 gig of &-amylase per ml of diluent. Fraction 'B' consisted of the basic diluter with twice the desired final concentration (by volume) of glycerol which was 2, 8, 14, 20 and 26%.
Immediately following collection, each ejaculate was partially diluted at 32 C to a volume of 50 ml using Fraction 'A'. The partially diluted semen was then placed in a 32 C water bath and cooled to 5 C in 75 minutes. When 5 C was reached, the partially diluted semen was further diluted with Fraction 'A' to a concentration of 100 x 106 sperm/ml. The diluted semen was then divided over 15 treatments (See Exp. Design). Glycerolation was carried out at 5 C by addition of an equal volume of Fraction 'B' to the Fraction 'A'-diluted semen. Glycerolation was performed in increments of 10, 20, 30 and 40% by volume at 10-min intervals. The diluted semen (final concentration of 50 x 106 sperm/ml) was drawn into .5 ml plastic straws held (equilibrated) for 4 hr and frozen.
Freezing of semen was accomplished using nitrogen vapor or 2-methyl-butane (Isopentane). Freezing rate was studied by establishing a set of thermally static conditions which provided a 40, 80, 160, 320 and 640-sec time period from -10 to -80 C (average cooling rates of 105.0, 52.5, 26.3, 13.1 and 6.5 C/rain, Ejaculates were defined as a single ejaculate or two single ejaculates taken in succession from the same hull and then pooled 9 Pooling was necessary to assure sufficient numbers of spermatozoa to accomodate all treatments. After 30 days storage in liquid nitrogen, semen was thawed by plunging the straws into a water bath at either 5 C for 2 rain, 20 C for 1 rain, 35 C for 30 sec, 50 C for 15 sec or 65 C for 7.5 seconds. Characteristics of the different thaw rates obtained between --20 and 0 C using thaw water temperatures described above are shown in table 2. Only the thaw rates between -20 and 0 C are presented because of the inability of the potentiometer to record accurately the rate at which the samples were warming between --196 and --20 C. It should be noted that regardless of the temperature of the water bath (5 C to 65 C) the differences in rate of thaw between -196 and -20 C were quite small. However, when the rate of thaw between -20 and 0 C was considered, there were distinct differences between the rates obtained with the water temperatures tested.
Semen Evaluation. For each ejaculate within each treatment, six straws were thawed, the contents pooled and incubated at 37 C in a water bath. Evaluation was based on estimates of percent motility and direct counts of intact acrosomes. Motility estimates were made to the nearest 10% using a phase contrast microscope equipped with an incubator stage adjusted to 37 C. Percentage of cells with intact acrosomes were obtained from unfixed smears using a Nomarski differential interference contrast microscope. Each cell was considered as having an intact acrosome if the apical ridge was present (Saacke and Marshall, 1968) . Two counts of 100 ceils each were averaged and a discrepancy of more than 10% between the two counts was bNumber of seconds from -10 C to -80 C.
CTemperature of the water bath (degrees C). 
13 (2) 160 (0) 35c (0) a% Glycerol (by volume).
bNumber of seconds between -10 and -80 C.
CTemperature of the water bath.
dCoded values presented in parentheses.
reinforced by a third count of 100 cells with the average of the three counts being recorded. Percent motility and percent intact acrosomes were recorded at 0, 3, 6 and 9 hr of incubation at 37 C with the zero reading being as soon after thawing as possible.
Experimental Design. A three-dimensional central composite design was used to assign treatments in this experiment (Box, 1954) . In this design, the five different levels of glycerol, freeze rates and thaw rates were combined to form 15 treatments. Coded values rumming consecutively from -2 to 2 were assigned to each of the five levels of each variable (table 3) . The 15 treatments and their coded values are presented in table 4. In this experiment, the following multiple regression model was set up to estimate the linear, quadratic and the linear x linear interaction effects:
Y=b O+blx 1 +b 2(logX 2)+b3X 3 + bllX12 + b22 (logX2)2 + b33X32 + b12X 1 (logX 2) + b13XlX 3 + b23 (IogX2)X 3, where Y is the estimated response, the b's are the partial regression coefficients, log is logarithm (base 10), and X 1, X 2 and X 3 are the actual values for the three independent variables.
RESULTS
Based on analyses of variance for this experiment, ejaculates, hours of incubation at 37 C and treatments exerted highly significant (P<.01) effects on both intact acrosomes and motile spermatozoa. When analyses of variance was performed for each hour of incubation, ejaculates and treatments remained significant with regard to both percent intact acrosornes and percent motile,sperm (P<.01). The multiple regression model described the experimental data adequately. The variation bR2 value calculated as a ratio of variation due to the regression model/total variation. Lack of fit for the treatment (5 degrees of freedom) was significant at the 1% level for the mean and each incubation period. ~'o~ ay is the estimated response, b's are the partial regression coefficients, log is logarithm (base 10), and X~, X 2 and X 3 are the actual values for the three independent variables. bSE of partial regression coefficient. *P<.05.
* 'P<.O 1.
accounted for by the model (R 2) is presented in table 5 for intact acrosomes and percent motile spermatozoa. More total variation was accounted for by the multiple regression model for the mean than any single hour of incuation at 37 C for both intact acrosomes and motile spermatozoa. The amount of variation accounted for by the model increased as hours of incubation progressed for intact acrosomes. For motile spermatozoa the opposite was true. This was expected with several treatments having 0% motility after 6 hr of incubation. The actual response for each treatment after O, 3, 6 and 9 hr of incubation and the mean for all incubation periods, and the predicted response for the mean of all incubation periods are presented in tables 6 and 7 for intact acrosomes and percent motile spermatozoa, respectively. Based upon the high degree of fit obtained for the mathematical model, the multiple regression equation for the mean of all incubation periods was used to illustrate the effects of the independent variables on acrosomal retention and percent motile spermatozoa.
The partial regression coefficients for the mean of all incubation periods for intact acrosomes and motile spermatozoa are shown in table 8. The partial regression coefficients for the linear component of glycerol level, the quadratic component of glycerol level and the linear interaction of glycerol level x thaw rate were significant (P<.O1) for both intact acrosomes and motile spermatozoa. The quadratic component of thaw rate was significant for intact acrosomes (P<.01) and motile spermatozoa (P<.05). The regression coefficients for the linear and quadratic component of freeze rate were significant (P<.05) for intact acrosomes only.
Using the prediction equation for the mean intact acrosomes, with thaw temperature (X 3) set at 35 C and glycerol level (X 1) ranging from 1 to 13%, the estimated Y response for the different freeze times of 40, 80, 160, 320 and Using the partial regression coefficients presented in table 8 for intact acrosomes, the effects of glycerol level and thaw temperature on acrosomat retention with a freeze time of 160 sec from -10 to -80 C were determined and plotted (figure 2). The effects of both glycerol level and thaw rate were significant (P<.01); however, the significant (P<.01) interaction of these two variables was of greatest importance. As the level of glycerol is increased, the temperature of the thaw bath must also be increased to obtain a greater response for intact acrosomes.
The effect of thaw temperature and glycerol level on motility with a freeze time of 160 sec is shown in figure 3 . The regression coefficients for motile spermatozoa shown in table 8 were used to obtain these responses. Partial regression coefficients for the linear component of glycerol, the quadratic components of glycerol and thaw, and the interaction of glycerol and thaw were significant. As glycerol level increases, the temperature of the thaw bath must also be increased to obtain a greater percent motile spermatozoa.
The conditions for maximum acrosomal retention and motility were calculated from the multiple regression model (table 8) by taking the partial derivatives of the regression equation with respect to X1, X 2 and X 3 and equating them to zero. The resulting equations with X1, X 2 and X 3 were solved simultaneously to produce the estimated optimum conditions. Since at least one variable was located outside the experimental region regardless of the parameter used, and the regression model loses accuracy in extrapolating conditions outside the experimental region, figure 2 was used to predict an optimum set of conditions for intact acrosomes within the bounds of the experimental region. Using figure 2 with a fixed freeze of 160 sec, acrosomal retention was best sustained with a glycerol level of 8.5% and a thaw water temperature of 65 C.
Discussion
The level of glycerol required for optimum acrosomal retention and for spermatozoan motility in egg yolk-citrate diluent is dependent upon the temperature of the thaw water bath and/or rate of thaw. Both glycerol level and thaw temperature were highly significant (P<.01) as independent variables; however, the interaction of these two variables is of greatest importance toward establishing optimum procedure for freezing semen in straws. The finding that glycerol was a critical variable was consistent with earlier findings reported in the literature. Amann and Almquist (1957) found that optimum glycerol level was dependent on total solids content in milk diluters. Saroff and Mixner (1955) reported the interaction of glycerol level with egg yolk content of the diluter, and Cragle et al. (1955) found optimum glycerol level to be dependent upon sodium citrate content. The significant differences found among thaw rates in the present study are consistent with earlier reports for straw-packaged semen. Aamdal and Andersen (1968) used a live-dead stain to evaluate thaw rates and found thawing samples in a 75 C water bath for 12 sec resulted in a considerably higher percentage of unstained (live) spermatozoa than when a temperature of 35 C was used. Robbins et al. (1972) showed that fast thaw rates achieved by higher temperatures of the thaw water bath (35 to 75 C vs 5-20 C) improved acrosomal maintenance and sperm motility when yolk-citrate-7% glycerol was used as the diluent. For milk diluted semen, Almquist and Wiggin (1973a) reported greater motility when samples were thawed in a 75 C water bath rather than 5 C. They further showed that there was no significant difference between thaw water temperatures of 75 C and 95 C, but both of these temperatures supported spermatozoal motility better than 35 C (Almquist and Wiggin, 1973b) . A 5 C bath was poorer than 35, 75 or 95 C.
The present data are the first to reveal an interaction between glycerol level and thaw rate. The results indicate that as glycerol levels above 4% are utilized, the rate of thaw must also he increased to achieve minimal spermatozoan injury as measured by acrosomal retention and motile spermatozoa. It is also clear that higher than conventional levels of glycerol (above 7%) are required for optimum cryoprotection as measured by both acrosomal retention and motility, but that faster thaw rates must accompany these levels. This relationship becomes readily apparent when viewing figures 2 and 3. For milk-diluted semen, Wiggin and Almquist (1975) reported an optimum glycerol concentration of 10.7% (by volume) and a 75 C thaw bath temperature. In their study, glycerol did not interact with thaw rate in achieving optimum post-thaw motility. However, 10.7% glycerol is a relatively high level, and, in their study, they did not examine both temperatures below 35 C. Rapatz (1966) suggested that addition of a cryoprotective agent such as glycerol to a cell suspension reduces the exposure of cells to high concentrations of solutes since these substances do not crystallize, but rather aid in keeping concentrations of salts from reaching toxic levels during freezing. However, high concentrations of cryoprotective agents are also injurious to cells (Rapatz, 1966) . If a non-toxic level is added to semen, this level may increase to detrimental concentrations during freezing or thawing (due to specimen dehydration from formation of ice). Therefore, semen frozen and thawed rapidly should have less exposure to the concentrated solute as well as the concentrated cryoprotective agent. Although freeze rates tested in the present study did not reflect this phenomenon, the effect of glycerol level and its dependence on thaw rate strongly supports this concept. For egg yolk-citrate diluter, higher than conventional levels of glycerol provided greater cryoprotection as long as sufficiently fast thaw rates were employed with these levels.
As may be noted from figure 1, freeze rate exerted an extremely small but significant (P<.05) effect on acrosomal maintenance. The validity of the significance associated with freeze rate must be questioned on several grounds. First, the use of thermally static vapor and liquid, as a means of freezing, is very practical but results in a constantly changing rate of cooling as the temperature falls (table  1) . Also, varying the static temperature and coolant (vapor vs liquid) from one treatment to another alters the degree of supercooling and the rate of dissipation of the heat of fusion, both of which are potentially critical factors in cell survival. It is also apparent that the slower rates achieved using isopentane did not decrease rate of freeze proportionally in the early stages of cooling (heat of fusion to -20 C). Therefore, it is obvious that other factors associated with freezing, in addition to differences among treatments in rate of cooling from -10 to -80 C, may have contributed to the small significant effects or lack of larger effects due to freezing rate.
Nevertheless, from a practical standpoint, these results indicate that a rather broad range of freezing conditions are acceptable. Refinement of these conditions may be possible through studies which remove supercooling of the semen and minimize differences in the dissipation of the heat of fusion. Also, from a practical standpoint, rate of freeze in static vapor can be affected by heat load (amount of material to be frozen vs capacity of tank and number of successive freezes in the same tank; Coulter and Foote, 1974 ). This effect is most pronounced in early stages of freezing where high heat loads retard the dissipation of the heat of fusion.
In conclusion, the optimum conditions predicted within the experimental region of this study were 8.5% glycerol in conjunction with a 65 C thaw bath (7.5 sec exposure). Cell injury predicted using this treatment was minimal, and the spermatozoan aging characteristics postthaw approached those reported previously for unfrozen diluted semen (Saacke, 1970) .
